assays, in situ autoradiography and electron microscopy.
Adsorption of radiolabeUed BHV-1 to DI-1 cells was similar to that observed in control cell lines but in situ radiography revealed that virus moved to the nucleus of control but not the gIV-expressing cells. Electron microscopy studies showed that BHV-1 attached to the cell membranes of DI-1 and control cells at 4 °C but penetration of virus was observed only in control cells when the temperature was shifted to 37 °C. These results provide further evidence that cellular expression of gIV does not prevent viral adsorption, but does prevent the entrance of the virus into the cell.
Knowledge of the roles of the glycoproteins of bovine herpesvirus 1 (BHV-1) in the pathogenesis of BHV-1 infection is expanding. Similar to the events described for herpes simplex virus (HSV; reviewed by Spear, 1993) , the BHV-1 infection process appears to be a series of steps beginning with attachment of the virion and culminating with the penetration of BHV-1 into the cell. The nonessential glycoprotein III (gIII) attaches the virus to the cell (Okazaki et al., 1991; Liang et al., 1991) . Two essential BHV-1 glycoproteins, glycoprotein I (gI) and glycoprotein IV (gIV), participate in attachment and appear to be required for penetration (Liang et al., 1991) . Additional studies have shown that the level of gIV present on the BHV-1 virion affects the penetration efficiency of the virus (Fehler et al., 1992) . Cellular expression of gIV or its homologues, HSV-1 glycoprotein D (gD) or pseudorabies virus glycoprotein 50 (gp50), has been used to define a superinfection-interference function of this protein. Cells expressing these proteins are characterized by their ability to resist homologous and heterologous herpesvirus infection (Campadelli-Fiume et al., 1988; Chase et al., 1990; Johnson & Spear, 1989; Petrovskis et al., 1988; Tikoo et al., 1990) . However, the mechanism of this inhibition is not fully understood.
Several mechanisms of interference have been proposed. Campadelli-Fiume et al. (1988) prevented the interaction of virion gD with this receptor. Johnson & Spear (1989) showed that cellular expression of gD did not affect the binding of HSV-1 to cells and they concurred with the hypothesis of Campadelli-Fiume et al. (1988) . Campadelli-Fiume et al. (1990) developed HSV-1 mutants that were able to infect gD-expressing cells and these were shown to have a mutation in gD at amino acid residue Leu-25. They hypothesized that this change would alter the conformation of gD and that the interference effect was due to steric interaction between cellular gD and virion gD. They further theorized that this may be a mechanism to prevent superinfection of cells. In this communication we demonstrate using virus binding assays, #7 situ autoradiography and electron microscopy that interference between BHV-1 virions and gIV-expressing cells occurs at the cell surface.
The control cell line LB (Chase et al., 1993) and the gIV-expressing cell line DI-1 (Chase et al., 1990) were used in this study. The Cooper strain of BHV-1 obtained from the American Type Culture Collection was grown as described by Dubuisson et al. (1992) . Radiolabelled BHV-1 was prepared by infecting confluent monolayers of MDBK cells in 75 cm 2 flasks with BHV-1 at an m.o.i. of 1 to 5 and then incubating the infected cells for 6 h at 37 °C in MEM with 10% foetal bovine serum (FBS).
[3H]Methyl thymidine (ICN; specific activity 60 to 90 Ci/mmol) was then added at a concentration of 100 laCi/ml for an additional 40 h incubation. Following this incubation, the cells and medium were removed and centrifuged at 12000 g to remove cell debris. The virus was purified from the supernatant by centrifugation through a cushion of 30% sucrose in PBS. The virus pellet was resuspended in 1 ml of PBS and centrifuged through a linear potassium tartrate gradient (20 to 50 % potassium tartrate in PBS) as described by Misra et al. (1980) . The viral fraction was collected, diluted l:2 with PBS, and pelleted by centrifugation at 100000 g. The virus pellet was suspended in MEM and frozen at -70 °C. To confirm that the virus preparation was free of radiolabelled cellular DNA it was treated with DNase I, pelleted and the radioactivity measured. There was no decrease in the measured radioactivity of DNase Itreated virions (data not shown).
The viral binding assay was a modification of the binding assay of Johnson & Spear (1989) . LB and DI-1 cells were grown in 24-well tissue culture plates. The cells were incubated with 100 to 150 p.f.u./cell of purified 3H-BHV-1 in 100 ~tl MEM containing 1% FBS and 1 mg/ml BSA for 2 h at 4 °C or 30 min at 37 °C. Cells were then washed twice with MEM containing 1% FBS, once with PBS and harvested in 100 gl of PBS containing 1% SDS and t % NP40. The lysates were added to 3 ml of Biosafe II scintillation fluid (Research Products International) and counted in a scintillation counter (1219 Rackbeta; Pharmacia-LKB Nuclear). The DI-1 cells adsorbed BHV-1 as efficiently as did LB cells following incubation at either 4 °C for 2 h or 37 °C for 30 min (Table 1) . DNase I-treated virions were also adsorbed equally by both cell lines (data not shown).
The in situ autoradiography studies were a modification of two in situ hybridization procedures (Haase, 1987; Kutisch et al., 1990) . Glass slides were coated with FBS and seeded with either normal or glV-expressing cells. The infected cells were exposed to 100 to 150 p.f.u./ cell of purified 3H-BHV-1 in MEM containing 1% FBS and 1 mg/ml BSA in a volume of 100 gl for 2 h at 4 °C while the mock-infected ceils were treated only with MEM-FBS-BSA solution. One group of slides was shifted to 37 °C and incubated for an additional 2 h. The cells were washed twice with MEM containing 1% FBS. All cells were rinsed once with PBS and fixed with 4 % paraformaldehyde at 22 °C for 30rain, dehydrated through a graded alcohol series, and stored at 4 °C. The slides were coated with NTB photographic emulsion (Kodak) and exposed for 5 to 7 days at 4 °C. The emulsions were developed with Dektol (Kodak), fixed with D-19 (Kodak) and the cells stained with haematoxylin and eosin (Kutisch et al., 1990) . The silver grains were counted using an Olympus PM-10ADS photomicrographic system. These data represented the averages from two separate experiments with duplicate or triplicate slides. For each treatment group, a minimum of 100 silver grain-staining cells/slide were counted, The nuclear index was obtained by dividing the number of cells with silver grains in their nucleus by the total number of cells containing silver grains. The nuclear index of cells treated with virus at 4 °C (virus control) * The assay was performed in triplicate using 100 to 150 p.f.u./cell of ~H-BHV-1 on cells seeded at the same density.
? Student's t-test 1.12, 2 degrees of freedom, P > 0.3, no significant difference.
Student's t-test 0-133, 4 degrees of freedom, P > 0.9. no significant difference. was compared with the nuclear index of cells that had been treated with virus at 4 °C for 2 h and shifted to 37 °C for 2 h (temperature-shifted). Temperature-shifted LB cells had a nuclear index that was 36 % greater than that of control LB cells (Table 2 ) and the difference was marginally significant (P < 0.10). DI-1 cells had a 23 % decrease in the nuclear index between the virus control cells and the temperature-shifted cells (Table 2) . This difference was not statistically significant (P > 0.10).
Temperature-shifted DI-1 cells had a nuclear index that was significantly lower (P< 0.05) than that of temperature-shifted LB cells. The LB and DI-1 virus control cells had similar numbers of nuclear silver grains (Table 2) . Uninfected control LB and DI-1 cells had few silver grains (results not shown). These results indicate that virions localize in the nucleus of control cells, the normal progression seen with the nuclear replicating BHV-1. Electron microscopy was used to confirm that virus was not penetrating DI-1 cells. Glass coverslips were coated with FBS and seeded with either LB or DI-1 cells. These cells were infected with 100 to 500 p.f.u./cell of BHV-1 at 4 °C for 2 h, washed three times with MEM and incubated at 37 °C for 5 min, 30 min, or 2 h. BHV-1-infected LB cells, BHV-l-infected DI-1 and mock-infected LB cells were washed twice in 0.2 M-phosphate buffer p H 7"0 and fixed, processed and stained as described by Dubuisson et al. (1992) . Sections were examined with a Philips 410 electron microscope. More than 200 cells for each treatment group were examined and representative electron micrographs were taken to show the amount and location of virus on the apical surface of the cells. Virus bound to both LB and gIVexpressing cells during a 2 h adsorption at 4 °C ( Fig. 1 a  and c) , LB and gIV-expressing cells examined at 30 min ( Fig. 1 b and d) following a temperature shift to 37 °C had virus on the cell surface, however there were fewer virions on the surface of the LB cells (Fig. l b) . Intracellular virus was present in the LB cells at 30 rain (data not shown). Following a 2 h incubation at 37 °C, nucleocapsids and virions were present in BHV-1-infected LB cells (Fig. 2a to d) but not within gIVexpressing cells (Fig, 3 a to d) . The gIV-expressing cells had several extracellular virions per microscopic field after 2 h at 37 °C ( Fig. 3a to d ) in comparison to the solitary extracellular virion seen in approximately 50 microscopic fields of the LB cells (Fig. 3 a) . Intracellular virus was not observed in any of the gIV-expressing cells examined.
These studies demonstrate that the inhibition of BHV-1 infection in gIV-expressing cells is at the level of the entry of the virus into the cells. Cells expressing gIV bound virus normally but the virions did not enter the cells. This supports previous studies showing HSV-1 virions bound to but did not penetrate gD-expressing cells (Johnson & Spear, 1989) and suggests this may be a general phenomenon. Our in situ autoradiography suggests that BHV-1 virions fail to reach the nucleus of gIV-expressing cells thus implying that the virus does not enter the cell.
Electron microscopy clearly showed that the virus did not enter gIV-expressing cells. However these results differed from those of Campadelli-Fiume et al. (1988) as there was no evidence of endocytosis of the virus. One explanation for the differences may be that the 6.5 kb HSV-1 J fragment used by Campadelli-Fiume et al. (1988) to construct their gD-expressing cells also encodes all of glycoprotein G (US4), glycoprotein J (US5), gD (US6) and glycoprotein I (US7), part of a protein kinase (US3) and glycoprotein E (US8). Although no other HSV-1 glycoproteins were identified in these cells, the possibility exists that HSV-1 genes other than gD may have produced proteins responsible for the endocytosis seen in these cells.
In situ autoradiography is a useful technique for studying herpesvirus infection because infected cells can be identified by the silver grains in their nuclei. The disadvantage is that virions will also bind to membranes directly over the nucleus and thus appear to be in the nucleus. To control for membrane-bound silver grains localized over the nucleus, cells were counted with radiolabelled virions adsorbed on the membrane. Following the temperature shift, silver grains were counted again. The high background of this technique decreases the sensitivity of the test but the results indicate that virions are reaching the nucleus of the control cells.
The lack of penetration of BHV-1 in gIV-expressing cells is consistent with an interaction between cellular gIV and a cellular receptor. Campadelli-Fiume et al. (1988) postulated that cellular gD bound a cellular receptor and prevented the interaction of virion gD with this receptor. Subsequently Campadelli-Fiume et al. (1990) developed a second hypothesis that interference was due to steric interaction between cellular gD and virion gD. One contradiction to the second hypothesis with the D 1-1 cell line is that gIV on the cell surface is not detectable by fluorescence (Chase et al., 1990 ) so direct interaction between virion gIV and cellular gIV is unlikely or requires very few gIV molecules as suggested by Johnson et al. (1990) .
In summary, the expression of gIV does not prevent the binding of BHV-1 to cells but does prevent the entry of BHV-1 into the cell. The mechanism of this interference will require further investigation.
